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Description 

WOUND HEALING WITH FEEDBACK 

CONTROL 

Cross Reference to Related Applications 

[0001] This application is a continuation in part of international 
application PCT/US03/07035, titled "Method and Device 
for Wound Healing" filed March 6, 2003, which claims pri- 
ority from provisional application Serial No. 60/363,036, 

titled "System for Wound Healing" filed March 6, 2002. 
Federal Research Statement 

[0002] This invention was made with United States Government 

support under Cooperative Agreement Number 0315 

8879-01 with the National Medical Technology Testbed, 

Inc., United States Department of the Army. The United 

States Government has certain rights in this invention. 
Background of Invention 

[0003] Wounds heal quickly. Certain wounds are more suscepti- 
ble than others to non healing. When bacteria can infil- 



trate a wound, such as in battle conditions or in older pa- 
tients, the bacteria damage tissue and inhibit healing. In 
diabetic patients poor circulation and a large increase in 
tissue necrotic factor alpha and interleukin 2 prevent 
wounds from healing. Diabetic foot ulcers can result in 
amputation of limbs and many times are followed by 
death. About 70,000 amputations per year are linked to 
diabetic foot ulcers. 

[0004] Pressure sores, also called decubitus ulcers, are injuries to 
the skin and underlying tissues caused by direct pressure 
over time to superficial tissues, including weight bearing 
over bony prominence, and shearing force on the skin. 
They can be exacerbated by excessive moisture on the 
skin, occlusion of lymphatic vessels, stress and smoking. 

[0005] Pressure sores range from a very mild pink coloration of 
the skin, which disappears in a few hours, to a very deep 
wound extending through bone or into internal organs. 
These sores are classified in stages according to the 
severity of the wound. The most common scale to assess 
pressure sores is the National Pressure Ulcer Advisory 
Panel Scale which grades sores by 4 grades. Stage 1 is a 
non-blanchable erythema of intact skin. Stage II is partial 
loss of skin thickness where the ulcer presents as a skin 



abrasion. Stage III involves full loss of skin and necrosis to 
underlying fascia. Stage IV involves skin and fascia and or 
bone and muscle necrosis. 

[0006] Pressure sores are a common medical problem causing 

substantial morbidity. For example, the incidence of pres- 
sure sores during hospitalization from stroke is 21%. The 
incidence of pressure sores is over 30% per year in pa- 
tients with spinal cord injuries, and after hospitalization 
from stroke. The incidence of pressure sores is 41% in el- 
derly patients discharged from a nursing home without 
stroke. In these cases, poor nutrition, moisture on the 
skin and heavy pressure on areas of the body from lying 
in bed causes the skin to break down. Even pregnant 
women in hospitals are susceptible to pressure sores. 

[0007] Once pressure sores develop, they can take months to 

heal, or can remain chronically open sores. They often be- 
come infected leading to local abscess and septicemia, 
and have an average cost of medical care of $26,000 per 
wound. 

[0008] Treatment of pressure sores include removal of the cause, 
the application of topical substances, debridement, and 
surgical procedures where the wounds are covered with 
tissue flaps. However, these treatments are often unsuc- 



cessful and, even when successful, are associated with a 
high recurrence rate. 
[0009] Other types of soft tissue wounds may include, but not be 
limited to, diabetic ulcers, burns, and surgical incisions. 
Diabetic ulcers cause over 70,000 amputations a year in 
the United States alone. A method and system for treating 
such pressure sores and other soft tissue wounds would 
be desirable. 

[0010] An estimated 16 million Americans are known to have di- 
abetes, and millions more are considered to be at risk for 
developing the disease. Diabetic foot lesions are respon- 
sible for more hospitalizations than any other complica- 
tion of diabetes. Among patients with diabetes, 15% de- 
velop a foot ulcer, and 12-24% of individuals with a foot 
ulcer require amputation. Indeed, diabetes is the leading 
cause of nontraumatic lower extremity amputations in the 
United States. 

[0011] It is |<nown to use electrical stimulation to promote heal- 
ing of soft tissue wounds. Previous studies of electrical 
stimulation to treat pressure sores employed electrical 
stimulation with variation of stimulation parameters, such 
as current and waveform. Almost all modes of stimulation 
healed sores to some extent, but no studies optimized 



stimulation parameters. Additionally, the electrode place- 
ment and cross sectional area of the electrodes varied, the 
extent of the sores (stages I- IV) varied, as did the length 
of time the areas were stimulated. 
[0012] The direction of the current (positive or negative) and the 
intensity of the current that optimizes wound healing 
varies in different phases of wound healing. A substantial 
body of research show that, while the direction or ampli- 
tude of current applied to a wound seems to always help 
healing, at certain phases of the process some currents 
work better. However, there has been little objective mea- 
sure of the phases of wound healing in relationship to 
when to apply various currents and waveforms that enable 
optimizing healing for different types of wounds. It is 
generally known, for example, that in the initial few days 
after a wound injury, during the first inflammatory phase, 
skin generates a positive voltage potential. This positive 
potential, if enhanced, causes increased migration of 
white cells and increased clotting to the area in and 
around the wound. In contrast, after the first few days, to 
dissolve the clot and increase macrophage (white cell) or 
endothelial cells migration to the wound negative poten- 
tials are needed. But the amplitude of these potentials 



does not appear to be constant in different pliases of 
wound healing. Furtlier, little has been done to character- 
ize the polarity and currents required for healing diabetic 
ulcers versus pressure sores, versus conventional wounds. 
Therefore, a great deal remains unknown in terms of 
when to apply a certain type of current and at what inten- 
sity to optimize healing. 
[0013] For example, with reference to Figure 1, one prior art sys- 
tem uses two electrodes 10 disposed closely adjacent to 
and on opposite sides of a wound 12 so that the path of 
current is across the wound. Modified square wave DC 
biphasic pulses are used, up to 100 pulses per second. 
Since the electrodes are placed across the wound, how- 
ever, the electrical stimulation travels in a path of lowest 
resistance and the pattern of current flows between the 
two electrodes resemble that of Maxwell field lines as 
shown in Figure 1, with the highest intensity through the 
center and intensity reduced exponentially, the further 
away the tissue is from the shortest line connecting the 
two electrodes. Therefore, for wounds that are irregularly 
shaped, or wounds that are deep such as stage 4 pressure 
sores, very little current actually travels into the wound, 
and electrical stimulation of such pressure sores results in 



low rates of healing. One reason diabetic ulcers don't 
seem to heal is that the epithelial layer builds on the edge 
of the wound, but growth factors are absent to cause mi- 
gration to the center of the wound. With electrical stimu- 
lation, for whatever cause, the cells migrate. 
[0014] What is known is that one of the most important pro- 
cesses in wound healing is re-epitheliazation. Studies us- 
ing animals and man show that on the outside area of a 
wound, a strip of intact skin approximately 0.5 mm wide 
surrounds the wound. It is in this area that substantial 
voltage gradients occur. The mechanism by which cells 
migrate is poorly understood; however, the voltages gen- 
erated by a typical wound, which can range as high as 120 
mV/mm, are quite sufficient to cause cell migration and 
wound healing. For example, in one study on guinea pigs, 
it was shown that voltage gradients as low as 7mV/mm 
caused substantial healing around wounds. A summary of 
the effect of currents on wounds is given below. Gener- 
ally, negative currents (1) decrease edema around the 
electrode, (2) lyase or liquefy necrotic tissue, (3) stimulate 
growth of granulazation tissue, (4) increase blood flow, (5) 
cause fibroblasts to proliferate and make collagen, (6) in- 
duce epithelial cell margins to move, (7) attract neu- 



trophils, and (8) stimulates neurite growth directionality. 
In contrast, positive currents (1) promote epithelial growth 
and organization, (2) act as vasoconstrictors and induce 
clumping, (3) denature protein, (4) aid in preventing post 
ischemic lipid peroxidation, (5) decrease mass cells in 
healing wounds, and (6) attract macrophages. Obviously 
different currents at different points in wound healing 
would be beneficial. However, up to this point no known 
device has been able to detect the optimal current to ap- 
ply into each area of the wound. This is complicated fur- 
ther by the fact that wounds don't heal uniformly. One 
area of the wound may heal quite quickly while another 
area does not. This is common in pressure sores and dia- 
betic ulcers. Generally, more superficial area of the wound 
heals very quickly whereas a deeper area of the wound 
may take months to heal but even in superficial wounds, 
one margin may heal more quickly than others due to 
drying or escar formation blocking healing. In this respect 
then, applying a positive current for a long period of time 
may be good for one part of the wound, but may be very 
poor for another portion of the wound, and may in fact 
inhibit healing. It is not surprising, then, that wounds 
seem to heal quickly with either positive current, negative 



current or alternating current. However, no one study has 
tried to divide tlie wound into liealing sectors and opti- 
mize liealing by varying tlie currents in different areas of a 
wound. 

[0015] For tliese reasons among otiiers, wliile therapists use 
electrical stimulation to treat pressure sores, there is no 
FDA approval of electrical stimulation for treatment of 
pressure sores or other soft tissue wounds. Further, con- 
ventional systems are expensive and complex. Therefore, 
it would be useful to have a system for the application of 
electrical stimulation to pressure sores that optimizes 
stimulation parameters. Further, it would be useful to 
have a system that a patient could use at home to apply 
electrical stimulation to a pressure sore. Still further, it 
would be useful to have a system that applied different 
currents at different points in wound healing, and which is 
able to detect the optimal current to apply into each area 
of the wound, and which divided the wound into healing 
sectors and optimized healing by varying the currents in 

different areas of a wound. 
Summary of Invention 

[0016] A method of promoting the healing of a wound disposed 
in soft tissue and having a physical extent is described 



comprising the steps of providing control circuitry to con- 
trol the application of electrical current through a plurality 
of electrodes; applying three or more electrodes to the 
surface of the soft tissue around and in proximity to the 
wound, wherein each of the three or more electrodes is 
connected to the control circuitry; conducting an electrical 
current through the three or more electrodes, such that 
one electrode functions as a current source and one or 
more of the remaining electrodes functions as a current 
sink; and switching the function of acting as a current 
source and as a current sink among the electrodes. In one 
preferred embodiment, the step of switching proceeds in 
a sequence rotationally around the wound. 
[0017] In another preferred embodiment, all remaining elec- 
trodes function as current sinks, and one or more of the 
remaining electrodes is connected to ground through an 
electrical resistance. Optionally, all electrodes functioning 
as current sinks are placed in series with electrical resis- 
tances set in the control circuitry, such that an electrical 
current flows into the physical extent of the wound. In a 
still further embodiment, the control circuitry is capable of 
measuring the electrical impedance between the electrode 
functioning as the current source and the one or more 



electrodes functioning as current sinl<s, and tlie measured 
electrical impedance is used to adjust the electrical resis- 
tances. 

[0018] In another preferred embodiment, a distal electrode is ap- 
plied to soft tissue remote from the proximate physical 
extent of the wound, wherein the distal electrode is con- 
nected to the control circuitry. Optionally, the remote soft 
tissue is on the opposite side of the body as the physical 
extent of the wound. Preferably, the distal electrode func- 
tions as a current sink. In another preferred embodiment, 
the switching is controlled to cause an electrical current to 
move helically into the physical extent of the wound. 

[0019] In another embodiment, the healing of the wound from 
electrical impedance measurements is detected, and the 
pattern of stimulation is adjusted as the wound heals to 
optimize healing. In another embodiment, the control cir- 
cuitry is capable of measuring an electrical impedance 
value between the electrode functioning as the current 
source and the one or more electrodes functioning as cur- 
rent sinks, the steps of applying, conducting, and switch- 
ing are repeated in more than one treatment session, an 
electrical impedance value is measured in each treatment 
session, the measured impedance value is stored, and a 



healing rate for the wound is calculated from one or more 
stored impedance values. 

[0020] Optionally, the electrical current can be an AC current. In 
one preferred embodiment, the electrical current alter- 
nates between a pulsital AC current, and a DC current. 

[0021] In a still further embodiment, at least one of the elec- 
trodes is applied within the physical extent of the wound. 

[0022] A method for promoting the healing of a wound disposed 
in soft tissue and having a physical extent is disclosed 
comprising the steps for providing three or more elec- 
trodes for application of electrical current to the soft tis- 
sue; conducting electrical current through the electrodes; 
causing one of the electrodes to function as a current 
source and one or more of the remaining electrodes to 
function as a current sink; and switching the function of 
acting as a current source and as a current sink among 
the electrodes. 

[0023] A device for promoting the healing of a wound disposed 
in soft tissue and having a physical extent is described, 
comprising three or more electrodes; and control circuitry 
connected to the three or more electrodes to control the 
application of electrical current through the electrodes, 
the control circuitry capable of conducting an electrical 



current through the three or more electrodes such that 
one electrode can function as a current source and one or 
more of the remaining electrodes can function as a cur- 
rent sink and further capable of switching the function of 
acting as a current source and as a current sink among 
the electrodes. 

[0024] In one preferred embodiment, the control circuitry is fur- 
ther capable of measuring the electrical impedance be- 
tween the electrode functioning as the current source and 
the one or more electrodes functioning as current sinks. 

[0025] In a further embodiment, one of the electrodes is adapted 
to be applied to soft tissue remote from the proximate 
physical extent of the wound. 

[0026] In a still further embodiment, the control circuitry is capa- 
ble of measuring an electrical impedance value between 
the electrode functioning as the current source and the 
one or more electrodes functioning as current sinks. Ad- 
ditionally, optionally the control circuitry is capable of 
conducting both a pulsital AC current, and a DC current. 

[0027] A device for promoting the healing of a wound disposed 
in soft tissue and having a physical extent is described 
comprising three or more electrodes; means for conduct- 
ing electrical current through the electrodes, connected to 



the three or more electrodes; means for causing one of 
the electrodes to function as a current source and one or 
more of the remaining electrodes to function as a current 
sink, connected to conducting means; and means for 
switching the function of acting as a current source and as 
a current sink among the electrodes, connected to the 
causing means. 

[0028] A method of promoting the healing of a wound disposed 
in soft tissue and having a physical extent is described, 
comprising applying electrical stimulation as a function of 
electrical impedance measurement. In one embodiment, 
the electrical stimulation is an AC sine wave with about 
250 microsecond pulse width and current of about -10 
ma when the impedance is between about 3.7 to about 
4.1 ohms per cm of tissue, and the electrical stimulation 
is an AC sine wave with about 250 microsecond pulse 
width and current of about -5 ma when the impedance is 
between about 4.8 and about 5.1 ohms per cm of tissue. 

[0029] A method of promoting the healing of a wound disposed 
in soft tissue and having a physical extent and phase of 
healing is described, comprising determining the phase of 
healing and applying electrical stimulation as a function of 
the phase of healing. In a further embodiment, where the 



physical extent comprises a plurality of wound areas, the 
method further comprises determining the phase of heal- 
ing in each of the plurality of wound areas, and applying 
electrical stimulation in each of the wound areas as a 
function of the phase of healing of that wound area. 
Preferably, in later phases of healing the electrical stimu- 
lation comprises a sine wave between about 220 to 250 
microsecond pulse width. 

[0030] A computer readable medium is disclosed containing pro- 
gram instructions sufficient to cause a user computer to 
operate control circuitry to determine the phase of healing 
of a wound disposed in soft tissue and apply electrical 
stimulation as a function of the phase of healing. 

[0031] A system for promoting the healing of a wound disposed 
in soft tissue and having a physical extent and phase of 
healing is described, comprising a user computer system 
including computer readable memory, three or more elec- 
trodes, control circuitry connected to the three or more 
electrodes and the user computer to control the applica- 
tion of electrical current through the electrodes, the con- 
trol circuitry capable of conducting an electrical current 
through the three or more electrodes such that one elec- 
trode can function as a current source and one or more of 



the remaining electrodes can function as a current sinl<, 
and measuring an electrical impedance value between the 
electrode functioning as the current source and the one or 
more electrodes functioning as current sinks; and a com- 
puter readable medium containing program instructions 
sufficient to cause the user computer to operate the con- 
trol circuitry to determine the phase of healing of a wound 
disposed in soft tissue and apply electrical stimulation as 
a function of the phase of healing. 
[0032] In a further embodiment where the physical extent com- 
prises a plurality of wound areas, the program instruc- 
tions are further sufficient to cause the user computer to 
operate the control circuitry to determine the phase of 
healing in each of the plurality of wound areas, and apply 
electrical stimulation in each of the wound areas as a 
function of the phase of healing of that wound area. 
Preferably, in later phases of healing the electrical stimu- 
lation comprises a sine wave between about 220 to 250 

microsecond pulse width. 
Brief Description of Drawings 

[0033] These and other features, aspects, and advantages of the 
present invention will become better understood with ref- 
erence to the following description, appended claims, and 



accompanying drawings, where: 
[0034] Figure 1 is a blocic diagram of tlie lines of current flow 

across a wound between two electrodes, according to a 

prior art system. 
[0035] Figure 2 is a block diagram of an electrode array placed 

around and in proximity to a wound, useable in one em- 
bodiment of the method of the invention. 
[0036] Figure 3 is a block diagram of the electrical current flow in 

proximity to a wound, induced by one embodiment of the 

invention. 

[0037] Figure 4 is a block diagram of a rotational current path- 
way induced by another embodiment of the invention. 

[0038] Figure 5 is a block diagram of the electrode array of Fig- 
ure 2, with the addition of a distal electrode shown in out- 
line, on a portion of the body opposing the location of the 
wound. 

[0039] Figure 6 is a cross-sectional block diagram of the wound 
of Figure 5, showing the electrical current flow induced in 
a deep wound by that embodiment of the present inven- 
tion. 

[0040] Figure 7 is a block diagram of a circuit useable for control 

circuitry in one embodiment of the present invention. 
[0041] Figure 8 is a block diagram of another circuit useable for 



control circuitry in anotlier embodiment of the present in- 
vention. 

[0042] Figure 9 is a blocic diagram of an electrode array placed 
around and in proximity to a wound, using feedback con- 
trol. 

[0043] Figure 10 is a flowchart showing a process of feedback 

control of wound healing according to one embodiment of 
the present invention. 

[0044] Figure 11 is a graph showing skin biopotential across a 
wound as a function of healing time. 

[0045] Figure 12 is a graph showing a correlation between 

impedance and electrical stimulation for phases of wound 
healing beyond early inflammatory, according to one em- 
bodiment of the invention. 
Detailed Description 

[0046] The present invention is a method and device for applying 
electrical stimulation to soft tissue wounds, such as pres- 
sure sores, and is particularly useful with higher stage 
pressure sores and irregularly shaped pressure sores. The 
invention, however, can be used on a wide variation of 
soft tissue wounds, such as diabetic ulcers, burns, and 
surgical incisions. 

[0047] vvith reference to Figure 2, there is shown a diagram of 



placement of three electrodes 101, 102, 103 around and 
in proximity to soft tissue wound 12 according to one 
embodiment of the present invention. As can be seen, the 
three electrodes are labeled 101, 102 and 103. In use, 
when electrode 101 functions as a current source, elec- 
trode 102 and electrode 103 become reference electrodes 
and function as current sinks. In turn, when electrode 102 
functions as a current source, electrode 101 and electrode 
103 become reference electrodes and function as current 
sinks, and so on. 

[0048] Although in this embodiment three electrodes are used, 
any plurality of three or more electrodes, such as four, 
five, or more electrodes could also be used. As will be 
known by those with skill in the art with reference to this 
disclosure, the electrodes can be constructed of any suit- 
able electrically conductive material. 

[0049] vvith reference to Figure 3, in another embodiment, the 
system uses a switch, which may be analog, to vary the 
resistance to ground of two of the plurality of electrodes 
in sequence, such that an electrical current, represented 
by field lines 14, then flows from electrode 101 toward 
electrode 102 and slightly toward electrode 103. As 
shown in Figure 3, when electrode 102 is given a solid 



ground, electrode 103 is given a soft ground througli a 
resistor 16. Tlie amount of tiiis resistance is also variable 
and depends on the impedance of the wound, as will be 
understood by those with skill in the art with reference to 
this disclosure. 

[0050] After a stimulus is applied through electrode 101, the 
stimulus is switched to go through electrode 102. Elec- 
trode 103 then becomes the hard ground electrode allow- 
ing a current path to flow between electrode 102 and 
electrode 103 with resistance 16 the applied between 
electrode 101 and ground, allowing some current flow 
across the wound and the rest to flow around the wound. 
After a stimulus is delivered through electrode 102, the 
process is repeated by switching the stimulus to go 
through electrode 103 so that an electrode 103 to elec- 
trode 101 pathway yields a high current pathway and a 
low current pathway is established between electrode 103 
and electrode 102. By pulsing the stimuli in a circular mo- 
tion around the wound, a current flow, represented by 
field lines 14, is established around the perimeter of 
wound, as well as across the physical extent of the 
wound, as shown in Figure 4. 

[0051] Referring now to Figure 5, there is shown a diagram of a 



further method for electrical stimulation to a deep soft 
tissue wound, such as a stage 4 pressure sore, according 
to the present invention. As can be seen, in addition to 
electrode 101, electrode 102, and electrode 103 (or op- 
tionally more electrodes as determined by the embodi- 
ment in use) arrayed around and in proximity to wound 
12, a distal electrode 104 (shown in outline) is applied on 
the opposite side of the soft tissue wound 12. For exam- 
ple, if the wound 12 is on a limb, distal electrode 104 
would be on the opposite side of the limb from the 
wound. 

[0052] When the electrode 101 applies stimulation, resistances 
are placed between electrode 102 and ground and elec- 
trode 103 and ground, creating a high current pathway 
between electrode 101 and distal electrode 104, and low 
current pathways between the remaining electrodes. This 
pattern is changed as electrical stimulation is rotated 
among electrode 101, electrode 102, and electrode 103 
(or more electrodes). This allows a rotary electrical action 
around the surface of the wound, and also allows current 
to penetrate from three or more sides through the wound 
into the bottom of the wound. As shown in Figure 6, this 
creates an electrical current 14 moving helically deep in 



the wound 12 (and toward a bone if disposed between tlie 

wound and distal electrode 104), in what may be called a 

whirlpool fashion, rather than merely across the surface of 

the wound. 
Control Circuitry 

[0053] Referring now to Figure 7, there is shown a typical control 
circuitry useable in the present invention. Those skilled in 
the art with reference to this disclosure will be able to 
construct a suitable control circuit, and this circuit is dis- 
closed as an example of what could be used to control the 
present invention. 

[0054] As can be seen, a microprocessor 20 is used to control the 
electrode array. A sine generator 22 produces a sine wave 
output at 50,000 cycles per second. (Other waveforms 
could be used in an appropriate circuit.) The stimulator 
outputs are current controlled and are generated from a 
D/A converter (1-3) 24 from parallel ports E, F and G 26. 
The electrode resistance is switched through an analog 
switch 28. A finite number of resistors 30 are used in a 
ladder such that a digital 8 bit word can select any of 256 
different resistances. 

[0055] The resister packs have 8 resistors; 0, 75 , 100, 150, 200, 
250, 500 and 1000 ohms. The common of the resister 



packs go to ground through a 10 ohm resistor. An output 
from this resistor is used to measure impedance on each 
electrode though an A/D converter. By comparing the in- 
put phase angle to the output phase angle through A/D4 
32, the phase shift is calculated. The parallel ports can 
switch either electrode 101, electrode 102 or electrode 
103 to ground directly through the analog switches or 
through single or combinations of resistors. For example, 
if a 1000 ohm and a 500 ohm resistor are both turned on, 
then the resistance of the electrode to ground is, accord- 
ing to Ohms law: 

1 1 1 
— = — + — 

Ri 

[0056] In this case, R will equal 333 ohms. 

[0057] In this manner, by turning on as many as all 8 channels of 

the switch, current is varied in the output loops. 
[0058] The size of the resistor in the present system is typically 



300 ohm and varies as a function of tlie tissue impedance. 
Tlie size of tlie resistor is cliosen as a multiple of tissue 
impedance to bend the current. For example, if it is as- 
sumed that the tissue impedance is 800 ohms, a 
300-ohm resistor is used to bend one third of the current 
across the wound and the majority of the current is in line 
between the perimeter electrodes. However, this can be 
adjusted to vary the amount of current going into the 
wound by varying the resistor tied in series with the elec- 
trodes during rotary stimulation. 
[0059] Tissue impedance is measured dynamically in between 

impulses. As an electrode finishes firing, the pathway be- 
tween that electrode and next electrode is used to mea- 
sure tissue impedance. A 100 microamp subliminal cur- 
rent is applied in between each stimulus between any two 
electrodes to measure the impedance of the tissue across 
the wound. The frequency in the exemplar embodiment is 
50,000 cycles per second. (As will be known to those 
skilled in the art with reference to this disclosure, al- 
though a sine wave is used in this embodiment, other 
waveforms and frequencies can be generated.) This cur- 
rent, then, travels through the wound and provides a 
measure of the impedance of the wounds such that as the 



wound heals or if the wound gets dry or wet during the 
stimulation process, the impedance of the electrodes 
changes dynamically to always provide the same extent of 
bending of the current around the wound. In this manner, 
a whirlpool electrical current flows around and into the 
wound to heal the superficial wound when stimulated with 
an appropriate waveform. 

[0060] In different studies, different investigators have stated 

that pulsital AC currents and DC continuous low-level mi- 
cro amp currents work best to heal wounds. The electrical 
current during stimulation in the present system is a com- 
bination of AC, and DC currents. To take advantage of 
both types of current, the electrical current delivered by 
the electrodes of the present system preferably comprise 
pulsital AC current as the function of current source is ro- 
tated between the electrodes 101, electrode 102, and 
electrode 103, and in the interval between the application 
of pulses between the electrodes, a 100 microamp DC 
current is applied. Therefore, in one preferred embodi- 
ment, both AC and DC current are applied through the 
electrodes to maximize wound healing. 

[0061] Referring now to Figure 8, there is shown a diagram of 
another embodiment of a control circuit for four elec- 



trodes. Microprocessor 40 communicates witli parts of tlie 
stimulator tlirougli digital to analog (D/A) and A-D con- 
verters and through a gate array chip 42. 

[0062] jhe microprocessor 40 has several functions. First, the 

microprocessor controls a sine wave generator 44 and se- 
lects a frequency of the generator at either 10, 25 or 50 
kilocycles. The output of the sine wave generator 44 is 
kept constant with the constant current amplifier at a cur- 
rent of one milliamp. 

[0063] In one embodiment, the microprocessor 40 does not gen- 
erate the sine wave because the frequency of the sine 
wave is too high for the microprocessor to maintain out- 
put and to provide high enough rates of data input and 
output to control the sine wave generator directly. There- 
fore, the sine wave generator 44 is preferably a discreet 
chip. The output of the chip is switched between elec- 
trodes 101, 102, 103 and 106 by an analog switch 46. 
The analog switch 46 is controlled through the gate array 
42 that is also controlled through the microprocessor 40. 

[0064] The sine wave output is applied through the electrodes 
and the amplitude and phase of the sine wave are de- 
tected through an analog digital converter. The analog 
digital converter is shown on the diagram as A/D-4 48. 



The analog digital converter is a 12-bit analog to digital 
converter and provides an input to the microprocessor 40, 
showing the phase and amplitude of the sign wave being 
generated into the analog switch. Once the sine wave out- 
put is applied to the skin, it is sampled through A-D con- 
verters AD-0 50, AD-1 52, AD-2 54, and AD-3 56. 

[0065] A 10 ohm resistor is in series with analog switches 60, 62, 
64 and 66. The analog switches are switched by the mi- 
croprocessor through the gate array 42 such that each 
electrode 101, 102, 103 and 106 can either be switched 
to a ten-ohm resistor as shown on the diagram directly to 
ground or through a series of resistors to ground. 

[0066] The resistor packs 70, 72, 74, and 76 are headers that 
hold 12 resistors. One resistor is a straight wire going to 
ground while another is a 22 mega-ohm resistor. The rest 
of the resistors are set such that a variable resistance can 
be selected from the analog switches (60, 62, 64, and 66) 
for each electrode so that a variable resistance can be set 
from each of the respective electrodes to ground. The 
analog switches shown in 60, 62, 64, and 66 are all con- 
trolled by gate array 42 such that 12 individual analog 
switches can be selected. By allowing individual switch se- 
lection, combinations of resistors can be used so that 



rather than 12 discreet impedances between electrodes 
101, 102, 103, 106 and ground, by selecting combina- 
tions of switches, to be either off or on in the analog 
switches 60, 62, 64, and 66, the number of potential re- 
sistances to ground become selectable as 2 to the 212 
possible impedances. 
[0067] Each resistor in resistor packs 70, 72, 74, and 76 are one- 
tenth watt resistors. An operational amplifier is connected 
from each 10 ohm resistor as shown in the diagram as 
operational amplifiers 80, 82, 84, and 86 such that the 
output across the 10 ohm resistors is amplified with a 
gain of 100. The amplified output is then fed back to the 
microprocessor through A-D converters 50, 52, 54 and 
56. In this way, then, if the resistor packs are set such that 
the 10 ohm resistor is shorted to ground, the amplitude 
and phase angle of an impedance generated by chips 44 
and 46 can be measured at the 10 ohm resister. By mea- 
suring the amplitude and phase angle, a complex 
impedance change across the outputs of electrodes of 
101, 102, 103 and 106 can therefore be calculated. Ana- 
log digital converters 50, 52, 54 and 56 are also 12-bit 
analog to digital converter chips with a speed of at least 
20,000 samples per second. 



[0068] Therefore, the impedance across any pair of electrodes 
can be measured by selecting an output in analog switch 
chip 46 to provide an output to either electrode 101, 102, 
103 or 106 and then by selecting the appropriate input 
through analog switches 60, 62, 64 and 66 from electrode 
101, 102, 103 or 106, the appropriate electrode pair can 
be sampled and impedance can be measured through A-D 
converters 50, 52, 54, and 56. Phase angle can be mea- 
sured by cross comparing the phase of the sine wave be- 
tween A-D 4 48 and A-D 0 50, A-D 1 52, A-D 2 54 and 
A-D 3 56. 

[0069] The stimulator output can also be switched between elec- 
trodes 101, 102, 103 and 106 when impedance is not be- 
ing measured. Since the stimulator output will also be se- 
lected on leads to the electrodes, analog switch chip 46 
must be switched off during electrical stimulation. There- 
fore, chip 46 has an output that can be either switched to 
leads to the electrodes or set to infinity. This can be ac- 
complished by tri-stating chip 46 or having a fifth output 
where the output is switched to an output that is not 
switched to the body. In between, stimulation impedance 
can be measured. During stimulation, chip 46 is turned 
off. During actual stimulation itself, the stimulation is a 



sine wave, or other desired wave, tliat is generated from 
D/A converters 90 and 92. D/A 90 generates the actual 
sign wave stimulus output 96 whereas D/A 92 controls 
the amplitude. The sine wave is set at a frequency of 10 to 
50 cycle impulses per second and pulse width between 
1000 and 1000 microseconds by the computer. The am- 
plitude is variable and is controlled by D/A 92 between 0 
and 25 milliamps. In addition, a DC offset can be provided 
in between stimulation with the sine wave through D/A 
94. D/A 94 is also a 12-bit D-A converter as is D-A 90 
and D/A 92 and provides a 0 to 5 milliamp DC offset. This 
offset can be switched either mixed with the sine wave or 
can be provided independently to leads to the electrodes 
in between sine wave generation. Therefore, the two inde- 
pendent outputs go to analog switch 110 and analog 
switch 110 can switch either one lead into output 1, 2, 3 
and 4 or both waves together into 1, 2, 3, or 4. Analog 
switch 110 is also controlled by the gate array 42. Sin 
summary, chip 46 switches the sine wave to measure 
impedance while chip 110 switches the electrical stimula- 
tion output which can be either AC, DC or both mixed to- 
gether. 

Feedback Control of Wound Healing 



[0070] jhe whirlpool electrode will allow currents to be positive 
in one area of a wound or negative in another. However, in 
a further embodiment, currents may be adjusted as a 
function of wound healing. With feedback from the wound 
as to the degree of healing, information can be provided 
to a computer, which can then make a decision as to 
which currents to apply to the wound at what time, and in 
which areas of the wound to optimize healing in different 
segments of the wound. The operation can also be done 
manually, or in conjunction with a computer. In other 
words, if it is determined that one portion of the wound is 
healing very slowly, and there is excessive bleeding, a 
positive current may be applied, whereas in the other ar- 
eas of the same wound the operator (including automatic 
operation by a computer) may switch to a negative current 
to optimize healing in these areas. 

[0071] It must be determined which areas of the wound are heal- 
ing and which are not. This can be accomplished by using 
tissue voltages and/or tissue impedance. Tissues generate 
a voltage as mentioned above, when there is a wound. 
That voltage, which goes very positive at the early stages 
of the wound, exponentially decays back to only a few 
millivolts after the wound is healed. Therefore, the fresher 



the wound is, or the more unhealed the wound is, the 
higher the electrical voltage being generated in that area 
of the wound. 

[0072] Tissue impedance is complimentary to current generation. 
If current is being generated by a portion of the wound, 
then impedance would be high, since impedance is the 
resistance to the movement of an electric current. If the 
tissue generates a current, then the current developed by 
two electrodes will be opposed by the current generation 
in the wound. In other words, impedance across a wound 
will vary as a function of the healing process. These mea- 
sures of impedance around the wound then would provide 
information as to the degree of healing of the wound. Af- 
ter impedance is measured across any two electrodes, 
stimulation current (either positive, negative or alternat- 
ing) as taught above, will be applied through that elec- 
trode pair at the appropriate amplitude to optimize wound 
healing. 

[0073] With, for example, three pairs of electrodes, three com- 
pletely separate patterns of stimulation can be used 
around the wound as the electrodes switch from the first 
to the second to the third electrode and then back to the 
first again. Thus, with either three, four or more elec- 



trodes, areas of the wounds that are not healing are 
treated very different from areas that do heal, and feed- 
back through impedance provides an optimization of 
wound healing. 

[0074] If the wound heals evenly across the entire wound, then 
impedance will change continuously as well as during 
wound healing. However, what usually happens is that one 
portion of the wound heals faster than the other. With ref- 
erence to Figure 9, for example, an elliptical wound is de- 
picted with three electrodes surrounding it: A, B and C. 
Impedance is measured between point A and B, followed 
by a pulse of electrical stimulation. Impedance is then 
measured from point B to C followed by a pulse of electri- 
cal stimulation. Impedance is then measured from point C 
to A followed by a pulse of electrical stimulation. If 
impedance between A and B shows the wound is not heal- 
ing, then the stimulation amplitude and pulse waveform 
will be different than if the impedance is lower from B to 
C, and C to A, and so on. In other words, there are three 
different pulses applied to the wound covering three dif- 
ferent portions of the wound. The stimulation waveform 
and intensity can be varied for each third of the wound as 
a function of healing. 



[0075] vvith reference to Figure 10, a method to use feedback 
control is sliown. A stimulation sequence is started on a 
first electrode (step 200). Impedance is then measured 
between the active electrode and other electrodes, and a 
phase of healing is then determined from the impedance 
measurement (step 202). The appropriate stimulation cur- 
rent and polarity between the active electrode and other 
electrodes is then calculated, based upon the phase of 
healing (step 204). Stimulation incorporating the feedback 
is then done (step 206). The process begins again at step 
200. 

[0076] vvith more than the three electrodes shown in Figure 9, 
more of the wound could be controlled, or the current 
fields can be bent by varying the resistance to ground on 
electrodes A and C when B becomes active, as an exam- 
ple, so that the shape can also be changed of the stimula- 
tion field as well as the current pattern. 

[0077] jhe shape of the electrical field when stimulated through 
A, B or C can be changed as taught above, so that the 
whole wound is covered, and as the wound heals the cur- 
rent waveform and amplitude between each pair of elec- 
trodes can be changed as a function of the healing across 
that area of the wound. 



[0078] The skin biopotentials from good sicin on the leg are 
about -20 mv. When a wound occurs, the sicin reverses 
potential and goes to about +80 mv. As the wound heals, 
the voltage is reduced back to negative again. With refer- 
ence to Figure 11, a skin biopotential as a function of time 
resulting from a typical wound on good skin is shown. The 
time units are arbitrary, as healing may take 1 week, or 2 
years, and therefore there is no linear timescale. 

[0079] In the initial skin destruction and inflammatory phase of 
wound healing the voltage across the skin ranges from 
about 77 mv to about 55 mv. Here the wound is open and 
dead tissue is removed by white cells. In the reparative 
phase, epithelial cells migrate across wound and collagen 
is laid down, and potentials range from about 55 mv to 
about -10 mv. In the remodeling phase, the skin 
strengthens and heals and remodels, and voltages range 
from about -10 mv to about -20 mv. 

[0080] Using trendline analysis it is possible to create trendlines 
to fit the observed data. For example, using the data of 
Figure 11 a possible polynomial trendline would be shown 
in Equation 2: 

v= -O.lSi* +3.04i^ -15.8i= +9.14i + 78.8 

[0081] Correlations between phase of wound healing and 



impedance will vary with the presence of such conditions 
as diabetes. One measurement of impedance in typical 
skin, in ohms per cm of tissue, measured between two 
electrodes at a frequency of 50,000 cycles per second, is 
shown in Table 1. 



Table 1 


Phase 


Description 


Imped eiice 


Phase 1 


Start 


5.2 


Phase 1 


Early iiiflamatory 


7 


Phase 1 


Late inflamatory 


3.1 


Phase 2 


Early reparative 


3.7 


Phase 2 


Late reparative 


4.8 


Phase 3 


Remodeling 


5.1 



[0082] Table 2 correlates different phases of wound healing and 
the amplitudes of current used for typical wound healing 
in normal wounds in non-diabetic subjects. This is a typi- 
cal example of how the method would work, correlating 
determining the phase of healing (as per Table 1) and ap- 
plying electrical stimulation as a function of the phase of 
healing (Table 2). The AC current is a sine wave. 



Table 2 



Phase 


Description 


Stimulation 


Phase 1 


Start 


DC+1 ma 


Phase 1 


Early inflammatory 


DC -5 ma 


Phase 1 


Late inflammatory 


AC -10 ma 


Phase 2 


Early reparative 


AC -10 ma 


Phase 2 


Late reparative 


AC -5 ma 


Phase 3 


Remodehng 


AC -5 ma 



[0083] It is known in the art to apply positive DC current in tlie 
first few days after a wound starts, to lielp attract white 
cells to the area and aid in clotting, and after that, change 
the DC current to negative. Instead of using a negative DC 
current throughout wound healing, however, AC current (a 
sine wave at about 250 microsecond pulse width) seems 
to work best. A sine wave between about 220 to about 
250 microsecond pulse width will also work. A range of 
100 microseconds to 1000 microseconds and mono and 
biphasic can be used. Burns, etc., may require different 
stimulation patterns. 

[0084] As can be seen in the tables, after the initial early inflam- 
matory stage of Phase 1, when the impedance is between 
about 3.1 to about 3.7 ohms per cm of tissue, the electri- 
cal stimulation is an AC sine wave with about 250 mi- 
crosecond pulse width and current of about -10 ma. When 
the impedance is between about 4.8 and about 5.1 ohms 
per cm of tissue, the electrical stimulation is an AC sine 
wave with about 250 microsecond pulse width and current 
of about -5 ma. Those skilled in the art will understand 
the use of the qualifier "about" as reference to the normal 
degree of uncertainty inherent in measurement. These 
values are shown in Figure 12, for phases later than early 



inflammatory, 

[0085] It must be emphasized, liowever, tliat tliese currents may 
vary with diabetic wounds, versus burns, versus normal 
wounds. It is very possible, that with the reduction in the 
nerve supply to the skin in people with diabetes, that the 
voltages will vary a great deal and so will the impedance 
during wound healing. This also may be true of patients 
on strong immuno-suppressant drugs. Some degree of 
empirical testing will be needed to determine the particu- 
lar correlation that works best for the subject being 
treated. 

[0086] This feedback calculations can be implemented in a sim- 
ple spreadsheet format that can be done by hand, or by 
using computerized spreadsheet programs such as Mi- 
crosoft Excel(r), or other available programs as will be 
known to those skilled in the art. Further automated oper- 
ation of the feedback control are also possible. It will be 
understood by those skilled in the art that variations in 
the described embodiment are possible, and that specific 
aspects of this embodiment are not limitations on the 
claimed invention. When using automated feedback under 
control of a management program, it will be preferable to 
store the program on a hard drive memory of a computer 



which is connected to the control circuitry. An optional 
printer permits printing of reports. An appropriate user 
interface on the computer is preferred for operator inter- 
action with the management program. A series of prompts 
can appear on the user interface on computer, guiding an 
operator to appropriate stimulation, and implementation 
of the feedback control. 

[0087] As will be known in the art with reference to this disclo- 
sure, it would be possible to store a management pro- 
gram having instructions sufficient to implement the 
feedback control of the present invention on any com- 
puter readable medium, such as floppy drives, dismount- 
able hard drives, DVDs, CD-ROM, CD-R, CD-RW, memory 
cards, and the like. It would be possible to implement the 
management program on any type of personal computer, 
such as a Pentium(r) class machine. Operating systems 
useable include those available from Microsoft(r), includ- 
ing Windows(r) 98, ME, 2000, and XP. The computer 
memory can be any media useable for storage of com- 
puter data, including but not limited to hard drives, floppy 
drives, removable drives, RAM, ROM, DVDs, and CD-R. 

[0088] All features disclosed in the specification, including the 
claims, abstract, and drawings, and all the steps in any 



method or process disclosed, may be combined in any 
combination, except combinations wliere at least some of 
such features and/or steps are mutually exclusive. Each 
feature disclosed in the specification, including the claims, 
abstract, and drawings, can be replaced by alternative 
features serving the same, equivalent or similar purpose, 
unless expressly stated otherwise. Thus, unless expressly 
stated otherwise, each feature disclosed is one example 
only of a generic series of equivalent or similar features. 
[0089] Also, any element in a claim that does not explicitly state 
"means for" performing a specified function or "step for" 
performing a specified function, should not be interpreted 
as a "means" or "step" clause as specified in 35 U.S.C. 
§112. 

[0090] Although the present invention has been discussed in 
considerable detail with reference to certain preferred 
embodiments, other embodiments are possible. For ex- 
ample, so long as there is at least one electrode function- 
ing as a current source and one functioning as a current 
sink, it would be possible to have only some of the elec- 
trodes act as current sinks. Further, the application of a 
distal electrode according to the invention would be pos- 
sible at various sites remote from the proximate physical 



extent of the wound. In an even further embodiment, the 
distal electrode could be switched to function as a current 
source, with one or more electrodes around and in prox- 
imity to the wound acting as current sinks. In a still fur- 
ther embodiment, impedance values between the current 
source electrode and current sink electrodes could be 
measured in multiple treatment sessions, stored, and 
used to calculate a healing rate for the wound as the 
impedance values changed. Impedance measurements 
might be done at different frequencies, for example 1,000 
cycles per second. Therefore, the scope of the appended 
claims should not be limited to the description of pre- 
ferred embodiments contained in this disclosure. 



